ABSTRACT-Chronic traumatic encephalopathy (CTE) is a progressive neurodegenerative disease that presents as a late sequela from traumatic brain injury (TBI). TBI is a growing and under-recognized public health concern with a high degree of morbidity and large associated global costs. While the immune response to TBI is complex, its contribution to the development of CTE remains largely unknown. In this review, we summarize the current understanding of the link between CTE and the resident innate immune system of the brain-microglia. We discuss the neuropathology underlying CTE including the creation and aggregation of phosphorylated tau protein into neurofibrillary tangles and the formation of amyloid beta deposits. We also present how microglia, the resident innate immune cells of the brain, drive the continuous low-level inflammation associated with the insidious onset of CTE. In this review, we conclude that the latency period between the index brain injury and the long-term development of CTE presents an opportunity for therapeutic intervention. Encouraging advances with microtubule stabilizers, cis p-tau antibodies, and the ability to therapeutically alter the inflammatory state of microglia have shown positive results in both animal and human trials. Looking forward, recent advancements in next-generation sequencing technology for the study of genomic, transcriptomic, and epigenetic information will provide an opportunity for significant advancement in our understanding of prorepair and pro-injury gene signatures allowing for targeted intervention in this highly morbid injury process.
BACKGROUND
Traumatic brain injury is a growing and under-recognized public health threat. The Centers for Disease Control and Prevention estimates nearly 2.5 million people sustain a traumatic brain injury (TBI) each year with TBI-related healthcare expenditures near 80 billion dollars annually (1) (2) (3) (4) . The impact of TBI is highlighted not only by its high mortality rate but also by the significant long-term complications suffered by its survivors with the progressive development of motor, cognitive, and behavioral disorders (5) (6) (7) (8) . It is now recognized that even mild TBI, or concussions, may lead to significant long-term morbidity and the insidious onset of neurodegenerative disease. Even subconcussive events, those resulting in subclinical brain dysfunction without the typical symptoms of concussion, may lead to long-term neurologic impairment. The immune response to TBI plays a fundamental role in the development and progression of subsequent neurodegenerative disease and represents a complex interplay between peripheral immunity and the resident immune system of the injured brain-microglia. Microglia are central to this process resulting in a microenvironment of simultaneous neuroprotection and neurotoxicity (9, 10) . The nature of this bidirectional communication produces a local inflammatory microenvironment geared toward either repair and regeneration or a local milieu that propels and propagates the index injury (11) (12) (13) (14) (15) (16) .
Chronic traumatic encephalopathy (CTE) is a progressive neurodegenerative disease that occurs years to decades after prior episodes of TBI, often in the context of contact sports but also in military personal exposed to blast injury from explosive devices (17) . In fact, over 20% of the 2 million soldiers deployed to Iraq and Afghanistan have sustained some degree of TBI and are at risk of developing CTE over the course of their lifetimes (18) (19) (20) . Furthermore, it has also become evident that even a single episode of more severe TBI can result in development of the disease (21) (22) (23) . Given the millions of children and young adults involved in contact sports or military service, the incidence of CTE will only increase over the ensuing years. One of the defining features of CTE is abnormal accumulation of phosphorylated tau (p-tau) proteins and amyloid-b peptide deposits within the brain-similar to other neurodegenerative diseases such as Alzheimer disease, Parkinson disease, and Huntington disease (24) . Indeed, several epidemiologic studies have suggested that moderate to severe TBI is a risk factor for subsequent development of the Alzheimer continuum of diseases (25, 26) . The relationship between CTE and these neurodegenerative disease processes
The first description of chronic traumatic encephalopathy in the medical literature is from 1927 when 100 clinical cases of concussion were examined. The authors concluded that concussion has the potential to result in chronic injury with secondary neurodegenerative changes seen histopathologically. They termed their pattern of findings ''traumatic encephalopathy'' (30, 31) . The term chronic traumatic encephalopathy first appeared in 1940 and the syndrome continued to be described over the ensuing decades (32) . The largest human histopathologic study of its time was carried out in 1973 and a reexamination of these brain sections in 1990 using modernday immunohistochemistry techniques was the first to reveal that almost all of these cases demonstrated extensive beta amyloid deposits similar to what is seen in Alzheimer disease (33) . A connection between CTE and American football surfaced in 2005 when an autopsy of a retired National Football League (NFL) player, Mike Webster, demonstrated extensive changes consistent with CTE (34) . In 2009, all cases of CTE in the world literature were examined and their clinical and pathologic characteristics were documented (35) . In 2013 McKee et al. (36) first introduced a staging system for CTE in which they reported that histopathologic findings of CTE can be observed in people who never demonstrated any clinical symptoms associated with the disease. Regardless of the stage, all confirmed cases of CTE involve a history TBI suggesting that TBI is required, although not necessarily sufficient for the development of CTE.
CTE-NEUROPATHOLOGY
CTE is an insidious disease process that progresses despite cessation of the initiating traumatic activity. It is most prominently associated with the formation and accumulation of phosphorylated tau protein into neurofibrillary tangles and amyloid beta deposits. While amyloid beta is a hallmark of Alzheimer disease, it is only found in 30% of acute TBI and 40% of CTE (37) (38) (39) . The mechanism of amyloid beta accumulation in TBI is unknown, but may be associated with a more severe phenotype of CTE (39, 40) . Tau is a microtubulebinding protein that stabilizes microtubule fibrils in neurons. When tau is phosphorylated it binds other normal tau proteins leading to aggregation into neurofibrillary tangles and an inability to bind tubulin (41) . This results in decreased neurite outgrowth, denervation, and neuron death (42) . Normally, tau phosphatase and apolipoprotein E maintain tau in an unphosphorylated state (43) . However, animal models of repetitive TBI have shown that brain trauma results in decreased levels of tau phosphatases and increased levels of tau kinases within activated glial cells tipping the balance toward tau hyperphosphorylation (44) . Additionally, it has been shown that the apolipoprotein e4 allele results in ineffective clearance of p-tau and that individuals possessing one or two copies of this allele are at increased risk for the development neurofibrillary tangles-demonstrating an important genetic component to the disease (45) .
CTE is distinguishable from other tauopathies from the unique distribution of these p-tau neurofibrillary tangles. Indeed, region-specific p-tau buildup is central to the diagnosis of CTE (18, 35) . The largest study of neuropathologically confirmed CTE to date formed the foundation for the recent NIH Consensus criteria for the neuropathology of CTE: macroscopic abnormalities of the septum pellucidum, superficial location of neurofibrillary tangles at cortical layers II and III, neurofibrillary tangles in the CA2 and CA4 regions of the hippocampus, abnormal tau lesions in the subcortical nuclei, and p-tau neurofibrillary tangles in sub-pial and perivascular locations (36, 46) . The formation and accumulation of these misfolded p-tau aggregates also appears to progress in a very patterned manner following predictable anatomic connections. This spreading of misfolded protein appears to follow a prion-like mechanism and this process has been hypothesized to be one of the mechanisms behind the patterned anatomic progression of CTE and other tauopathies such as Alzheimer disease, Parkinson disease, and Huntington disease (47, 48) .
The association between TBI and pathologic tau phosphorylation is a history of repeated head injuries. However, it is the cumulative exposure to brain trauma rather than the absolute number of concussions that best predicts the degree of tau phosphorylation. This finding suggests that clinically asymptomatic sub-concussive events play a much larger role in the process than has been previously recognized (49) . In animal models of TBI a single mild injury was found to increase p-tau at 1 month, but these changes were resolved at 6 months postinjury. However, when the single mild TBI was repeated daily for 6 days the animals developed marked neuroinflammation and p-tau aggregates at 6 months postinjury (50, 51) . On the other hand, there is emerging evidence that a single more severe TBI can also lead to significant accumulation of abnormal p-tau oligomers (52) . Nonetheless, the central question that remains to be answered in this overarching process is what triggers the formation of misfolded p-tau in the first place.
THE ROLE OF MICROGLIA IN THE DEVELOPMENT OF CTE
TBI triggers a robust inflammatory response within the injured brain. This acute neuroinflammation is initiated by several factors including necrotic debris at the site of injury, damage-associated molecular patterns, and infiltrating components of the peripheral innate immune response. The degree of this initial inflammatory response has significant value in predicting more long-term outcomes after TBI. A study of human patients showed that the level of IL-6 in the cerebrospinal fluid during the first week postinjury correlated with neurologic recovery at 6 months (53). Even after the acute inflammatory response has resolved several studies have demonstrated residual long-lasting inflammation in both animal models and human patients (54, 55) . One of the main drivers of this continued low-level inflammation is the chronic activation of the resident innate immune system of the brain-microglia (55, 56) . Microglia are embryologically distinct from peripheral bone marrow-derived macrophages, arising from the primitive yolk sac as opposed to the developing liver in the embryo (57) . Additionally, microglia are self-renewing suggesting that bone marrow-derived macrophages do not contribute to the maintenance of the mature microglia pool (58, 59) . This is in keeping with the traditional view that the CNS is an immune privileged site (60) . Microglia and peripheral bone marrowderived cells that infiltrate into the brain after TBI, therefore, represent distinct populations. In fact, each cell type relies on a distinctive set of transcription factors leading to separate patterns of gene expression (61, 62) . Both cell types are responsible for different aspects of neural repair and potential neural toxicity after CNS injury (63) . However, once the acute inflammatory process has resolved and peripheral bone marrow derived cells are no longer present, microglia have the potential to maintain a chronically activated state for years after the initial insult. Mouse models of single impact TBI have shown that microglial activation is maintained up to 1-year post-TBI (64) . Likewise, human studies have demonstrated reactive microglia up to 18 years in survivors of TBI (65) . In repetitive mild TBI, mouse models have shown reactive microglia 12 months postinjury, but with a response greatly amplified as compared with animals receiving a single injury (66) . This supports more recent studies suggesting that repeated mild injuries develop levels of neuroinflammation equivalent to a more severe single injury (67) . Although all the above studies have relied on post-mortem analysis of brain tissue, recent advances in positron emission tomography (PET) technology has allowed for real-time analysis of microglial activation. These studies have shown microglial activation persisting for up to 17 years postinjury in human patients. Even mild TBI, especially repeated mild TBI, as seen in a cohort of retired NFL players has demonstrated persistent microglial activation years after retirement via advanced PET technology (68) .
Over the course of injury these chronically activated microglia are responsible for increased levels of pro-inflammatory cytokines, chemokines, and reactive oxygen species, thereby setting the stage for maintaining an insidious neurotoxic environment. This persistent low-level inflammation has the potential to generate an exaggerated inflammatory response to otherwise benign stimuli. This phenomenon is known as microglial priming (69) . In fact, microglial priming may be the etiology behind the increased susceptibility to subsequent concussions once an index injury has been sustained. That is, primed microglia from an initial injury may respond in an amplified manner to subsequent insults, even if milder in nature (70, 71) . This priming effect alters the ability of microglia to fully resolve the inflammatory process leading to a long-term, often exaggerated, neuroinflammatory response ( Fig. 1) (29) . It also indicates that targeting the microglial response may be a novel therapeutic target for the treatment of TBI patients.
MICROGLIA AND TAU PHOSPHORYLATION
There is increasing acceptance that the abnormal accumulation and function of phosphorylated tau underlies the pathology of CTE. While the exact mechanisms of tau phosphorylation are yet to be fully determined, there is ample experimental evidence to suggest that activated microglia and their resultant neuroinflammation play a central role in the generation of p-tau after brain injury. For example, several investigative groups have shown that both early and late activation of microglia increases p-tau formation in mouse models of Alzheimer disease and other tauopathies (72) (73) (74) . On the other hand, administration of the calcineurin inhibitor FK-506 in a transgenic mouse model of Alzheimer disease resulted in both improved survival and significantly reduced p-tau (75) . This effect is likely secondary to the ability of FK-506 to suppress both NF-kB and MAPK in microglia resulting in lower levels of inflammatory gene expression (76) . More direct evidence of microglial involvement comes from studies using CX3CR1 knockout mice. Microglia utilize fractalkine signaling via CX3CR1 to migrate to their synaptic targets and initiate phagocytosis and synaptic refinement (77) . When mice deficient in CX3CR1 were crossed with a humanized tau (hTau) mouse model, there was significantly accelerated tau phosphorylation and aggregation into neurofibrillary tangles as well as enhanced activation of microglia resulting in neurocognitive impairment (78) . Additional studies in these double transgenic animals found that microglial activation preceded the spread of p-tau. When microglia from these CX3CR1-deficient hTau mice were adoptively transferred into naive mice, they were sufficient to induce tau phosphorylation (79) . One of the more prominent components of microglia-induced neuroinflammation is IL-1b. IL-1b is produced by activated microglia and is involved in a variety of cellular activities. In wild-type mice, implantation of a slow-release IL-1b pellet resulted in increased tau phosphorylation whereas chronic blockade of IL-1b via administration of IL-1R significantly reduced p-tau and improved cognition in a mouse model of Alzheimer disease (3xTg-AD) (80, 81) . Administration of IL-1R also decreased NF-kB activation and reduced the levels of pro-inflammatory cytokines cumulatively suggesting that IL-1b mediates communication between glial cells and neurons (81) . When the 3xTg-AD model was crossed with IL-1b XAT mice (allowing for hippocampus specific IL-1b expression) enhanced tau phosphorylation was noted throughout the hippocampus (82) . While all of these findings have been made in animals genetically modeled for tauopathy, it should be noted that they are not present in naive mice (83) . This signals that there must be a pre-existing predilection for tau phosphorylation in addition to altered immune signaling. In TBI, it is postulated that the initial mechanical axonal injury and resultant neuroinflammation is what primes microglia and drives progression of the disease.
Mechanistically, the force of injury causes tau to dissociate from the microtubule leading to phosphorylation and aggregation into NFTs (84, 85) . The persistent neuroinflammation resulting from microglial priming then drives the progression of p-tau formation and propagates spread between neurons, thereby slowly advancing the disease (Fig. 2) . Collectively, the bulk of the available literature indicates that chronically activated microglia within the traumatized brain are the key contributors to the pathological accumulation and spread of   FIG. 2 . Schematic of physiologic and pathophysiologic microglial activation. Under conditions of homeostasis microglia continually survey the local microenvironment for invading pathogens and cellular debris. Perturbations within this environment, such as traumatic injury, result in activation of microglia. Activated microglia release a myriad of inflammatory mediators to aid in the clearance of necrotic debris and amyloid beta plaques generated during the injury process. Activated microglia are also capable of limiting tau phosphorylation (p-tau) and the subsequent development of p-tau oligomers. If the inflammation fails to completely resolve, as is often the case with severe injury or repetitive injury, microglia can assume a pathophysiologic state of chronic activation. Chronically activated microglia are unable to clear amyloid beta, allow association of p-tau into oligomers and neurofibrillary tangles (NFT), and generate an exaggerated response to subsequent traumatic or inflammatory stimuli all of which lead to the subsequent development of chronic traumatic encephalopathy. TBI indicates traumatic brain injury.
p-tau, both of which form the foundation and underlie the deficits seen in CTE.
POTENTIAL THERAPEUTIC TARGETS IN THE DEVELOPMENT AND DEGREE OF CTE
There are currently no effective treatments for patients with CTE. However, there are several potential therapeutic targets associated with the development and degree of CTE currently under investigation. Microglial activation and the ensuing neuroinflammatory response represent obvious areas for the development of therapeutic interventions. For example, targeting microglia-induced neuroinflammation has been extensively explored in both animal models and human trials of other neurodegenerative diseases. Non-steroidal anti-inflammatory drugs (NSAIDs) have been shown in human epidemiologic studies to reduce the incidence of Alzheimer disease and the administration of NSAIDs to Alzheimer disease mouse models has shown promise in reducing the amyloid beta plaque load (86, 87) . Nonetheless, it should be noted that in a recent human clinical trial, NSAIDs failed to slow cognitive decline in patients who already have Alzheimer disease. However, given the latency between the initial traumatic insult and the development of CTE there may still be a role for NSAIDs as a preventative therapeutic prior to disease onset (88) . Given these somewhat disappointing clinical results, there has been a shift in focus toward the prevention of p-tau formation and aggregation into p-tau oligomers. Given the prominent role of IL-1b in the generation of p-tau, IL-1 receptor antagonism has recently been assessed. In an animal model, delivery of an IL-1 receptor antagonist reduced p-tau formation, ameliorated cognitive dysfunction, and reversed spatial and contextual learning deficits (89) . In addition, several trials are currently underway assessing the ability of compounds to inhibit p-tau aggregation. For example, a derivative of methylene blue (LMTX) was found to have a treatment benefit in a recent phase II clinical trail and is currently undergoing a phase III trial (90) . A number of synthetic amino acids that sterically inhibit p-tau aggregation are under investigation as well (91) . Microtubule stabilizers are also an active area of research given that microtubule stability deteriorates with tau pathology (92) . The microtubule stabilizer epothilone D increased microtubule density, inhibited axonal loss, and reversed learning defects in an animal model of tauopathy (93) . Alternatively, a number of pharmacologic and small chemical screens have identified certain drugs that may be useful in skewing the microglia polarization state for therapeutic purposes. For example, PPARg agonists such as the glitazones, the tetracycline family of antibiotics, and the chemotherapeutic retinoic acid receptor agonists such as bexarotene have been shown to induce a more anti-inflammatory M2-like polarization state (94) . In fact, minocycline was able to reduce levels of p-tau and insoluble tau in hTau mice (95) . Perhaps the most exciting development in therapeutics targeted toward p-tau-induced neurodegeneration is the recent identification of cis and trans isoforms of p-tau. It has recently been shown that trans p-tau is physiologic while cis p-tau is pathogenic promoting tauopathy after TBI.
''Cistauosis'' appears long before other tauopathies and treatment with anti cis p-tau antibody prevented the development of p-tau aggregates restoring several neuropathological and functional outcomes in a mouse model of TBI (96) . Humanization of this anti cis p-tau antibody has the potential to become a revolutionary new treatment option for braininjured patients (97, 98) . Lastly, it has also been recently shown that depletion of classical monocytes immediately after the induction of TBI results in skewing of the overall inflammatory microenvironment within the injured brain toward a more anti-inflammatory phenotype at 24 h postinjury. These changes correlated with significant reduction in cognitive dysfunction 1-month post-treatment (99) . These data suggest that the infiltrating population of monocyte-derived cells may play a more significant role in the direction of the local inflammatory microenvironment than has been previously recognized. Indeed, the ability of infiltrating myeloid cells from the periphery to influence the inflammatory state of microglia at the site of neurologic injury has been previously reported in the stroke literature (100) . Additional studies examining the infiltrating monocyte-microglia interaction have shown these infiltrating monocytic cells to play critical roles that the resident microglia are incapable of such as restricting amyloid beta plaque in Alzheimer disease and facilitating functional recovery in spinal cord injury (101) (102) (103) (104) . Both cell types are responsible for different aspects of neural repair and potential neural toxicity after CNS injury and how their interaction affects the long-term outcomes after TBI and subsequent development of CTE is poorly understood (63, 105) . Understanding the nature of their crosstalk raises the possibility of therapeutically targeting their interaction as a novel target for the treatment of TBI.
CONCLUSIONS
There is an abundance of evidence suggesting that the frequency and severity of TBI are key determinants in the development and degree of CTE. The precise mechanisms linking the two processes have yet to be fully elucidated. Given the long latency between the initial traumatic insult(s) and the later development of CTE, there is a large window of time in which potential intervention may have a clinically significant benefit. Navigating the complexities of the neuroinflammatory response to TBI and determining the precise mechanisms behind tau phosphorylation will be key steps toward combating this highly morbid injury process. Furthermore, the emerging role of microglia in this process provides an abundance of potential pathways for therapeutic intervention. The rapid advancement of next-generation sequencing and its ability to identify prorepair and pro-injury pathways within individual cell populations over the course of TBI will undoubtedly allow for rapid advancement on this front. CTE lies at the intersection between immunology and neuroscience. Advancements in our understanding of this complex injury process will challenge current dogmas and have the potential to be paradigm shifting as the field of neuroimmunology continues to establish itself within the scientific community.
